INTRODUCTION
Cell migration plays an essential role in brain development. Reeler mice were first identified due to their irregular gait [1] , and the causative mutation is in a large secretory protein, Reelin [2, 3] . Reeler mice show defects in the laminar structure of the brain, indicating that Reelin is an important molecule in brain development [1] . Reeler mice have an 'inside-out' laminar structure, in which cells normally located in the outer layer of the brain are instead located in the inner layer. Drosophila disabled (dab) is the gene responsible for axon guidance and fasciculation. Mouse Disabled homologue 1 (mDab1) is the homologue of Drosophila Disabled, and was identified as a mutation that causes a phenotype similar to that of reeler mice [4] [5] [6] [7] [8] . Mutations in the mDab1 gene, scrambler and yotari, yielded phenotypes indistinguishable from that of reeler, suggesting that both mDab1 and Reelin play essential roles in the cell migration or guidance necessary for laminar formation of brain. Upon Reelin stimulation, mDab1 is phosphorylated at several tyrosine residues [8] . This phosphorylation is thought to be important, because expression of an mDab1 mutant that lacks tyrosine residues results in a phenotype similar to that of mDab1-deficient mice [9] . Recently, Fyn and Src kinases were found to phosphorylate mDab1 in response to Reelin. Upon Reelin-mediated phosphorylation, phosphorylated mDab1 binds Lis1 (lissencephaly 1), which is involved in brain development [10] . Interestingly, mDab1 levels increase in the absence of Fyn or Src, suggesting that phosphorylation of mDab1 by Fyn or Src regulates mDab1 levels [11, 12] . Protein levels in cells are often regulated by the protein-degradation system through ubiquitination. Phosphorylated mDab1 is a substrate for ubiquitination-dependent degradation [13] . Therefore mDab1 is thought to be down-regulated by Reelin-Fyn/Src-mediated phosphorylation of mDab1 during brain development. mDab1 has a PTB (phosphotyrosine-binding) domain at its N-terminus. This PTB domain does not bind with phosphorylated peptide; instead, it binds phosphoinositides and unphosphorylated peptide sequences containing the NPXY (Asn-Pro-Xaa-Tyr) motif, providing an interface for lipid-protein and protein-protein interactions [14] [15] [16] . Through this domain, mDab1 binds to the lipoprotein receptor, which also binds to Reelin.
In cell migration, the rearrangement of the actin cytoskeleton plays an essential role. At the leading edge of migrating cells, including growth cones at the tips of axons and dendrites, dynamic rearrangement of actin leads to the formation of filopodia and lamellipodia. In these processes, WASP (Wiskott-Aldrich syndrome protein) family proteins, including N-WASP (neuronal WASP), activate the Arp2/3 (actin-related protein 2/3) complex, which is the nucleation core for actin polymerization [17, 18] . Surprisingly, when mDab1 is expressed in non-neuronal cultured cells, it causes N-WASP-dependent extension of filopodia. This finding suggests that mDab1 directly regulates actin cytoskeleton rearrangements necessary for cell migration during laminar formation.
EXPERIMENTAL

Cell culture and expression vectors
COS-7 cells were cultured as described previously [19] . Transfection was performed with LIPOFECTAMINE 2000 (Invitrogen) according to the manufacturer's instructions. mDab1 (mDab1-555; a gift from Dr Kazunori Nakajima of Keio University, Tokyo, Japan), PTB domain [aa (amino acids) 1-251] or PTB (aa 239-555) was tagged with the N-terminal FLAG or myc and then subcloned into the pEF-BOS expression vector [20] . The transfected cells were starved overnight before immunostaining as described previously [19] . The PTB domain (aa 1-251) of GST (glutathione S-transferase)-fusion mDab1 (0.1 mg/ml) was injected into COS-7 cells, and was observed as described previously [21] . GST alone was injected as negative control. Cdc42 (celldivision control 42) and N-WASP expression vectors were generated as described previously [22, 23] .
Proteins
Various mutant N-WASPs were expressed in Sf9 insect cells with a bac-to-bac baculovirus expression system (Gibco BRL) with either a GST tag or a His 6 tag. Recombinant-virus-infected Sf9 cells were lysed, clarified and purified with glutathione-Sepharose 4B (Amersham Biosciences) or Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose (Qiagen) as described previously [23] . GSTfusion VCA (verprolin/cofilin/acidic) and PTB domain or WT (wild-type) mDab1 were purified as described previously [19, 24] . The GST moiety was removed for some experiments by thrombin digestion [19] . Arp2/3 complex was purified as described previously [25] . Actin was purified from rabbit skeletal muscle, and monomeric actin (G-actin) was isolated by gel filtration on Superdex 200 (Amersham Biosciences) in G buffer (2 mM Tris/HCl, pH 8.0, 0.2 mM CaCl 2 , 0.5 mM dithiothreitol and 0.2 mM ATP).
Antibodies and immunoprecipitation analysis
Anti-N-WASP polyclonal antibody was produced as described previously [21] . Anti-Fyn polyclonal antibody (sc-16) and antimyc monoclonal antibody (9E10) were from Santa Cruz Biotechnology. Anti-FLAG (M2) monoclonal antibody was from Sigma. Anti-mDab1 (AB5840) rabbit polyclonal antibody was from Chemicon. Non-immune mouse or rabbit IgG (sc-2025 or sc-2027) was from Santa Cruz Biotech.
COS-7 cells were lysed in lysis buffer containing 40 mM Tris/ HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl 2 , 0.5 % (v/v) Triton X-100 and 1× Complete TM protease inhibitor cocktail (Roche). Then FLAG-tagged mDab1 was immunoprecipitated with anti-FLAG antibody (× 1000 dilution) or non-immune IgG (× 100 dilution). In immunoprecipitations using mouse brain, pregnant Jcl:ICR mice were anaesthetized deeply and the embryos were extracted at embryonic day 14. Approx. nine brains were lysed in 1 ml of the lysis buffer. After sonication (level 4 using a Taitec VP 5S ultrasonic homogenizer) and clarification by centrifugation (20 000 g), the brain lysate was diluted 2-fold by lysis buffer. Approx. 400 µl of diluted brain lysate was mixed with antimDab1 antibody (× 200 dilution) or non-immune IgG (× 100 dilution). Then the antibodies were bound to Protein-G-agarose (Pierce). After washing with lysis buffer, the precipitates were subjected to Western blot analysis.
Pyrene-actin assay
The pyrene-actin assay was performed as described previously [26] . Final concentrations of Arp2/3 complex, G-actin and pyrene-actin were 60 nM, 2 µM and 0.2 µM respectively. The concentration of WT or mutant N-WASP was 100 nM. The PTB domain of mDab1 was used at 600 nM.
Ubiquitination assay
HEK-293T (human embryonic kidney) cells were transfected with these constructs, including constitutively active (Tyr 531 → Phe; YF) and dominant-negative (Lys 299 → Met; KM) Fyn in pME18S [27] , HA (haemagglutinin)-tagged WT TKB (tyrosine-kinasebinding) domain mutant (Gly 306 → Glu; GE) and RING finger mutant (Cys 381 → Ala; CA) of Cbl in pcDNA3.1 (gifts from Dr Wallace Y. Langdon of the University of Western Australia, Crawley, WA, Australia) [28] , myc-tagged mDab1 in pEF-BOS, and FLAG-tagged ubiquitin in pcDNA3.1. After transfection, approx. 10 7 cells were harvested in 1 ml of TNE buffer (50 mM Tris/HCl, pH 8, 100 mM NaCl, 1 % Nonidet P40, 1 mM EDTA, 1 mM Na 3 VO 4 and 5 µg/ml aprotinin). A 400 µl volume of this lysate was mixed with 2 µg of anti-myc antibody (9E10; Santa Cruz Biotech) for immunoprecipitation. After washing of immobilized antibody with TNE supplemented with 0.1 % (w/v) SDS and 1 % (w/v) sodium deoxycholate, the precipitates were analysed by Western blotting with anti-Fyn (FYN-3, SC-16; Santa Cruz Biotech) and anti-FLAG (M2; Sigma) antibodies.
RESULTS AND DISCUSSION
mDab1 is expressed predominantly in the central nervous system [5] , and is thought to regulate cell migration. Cell migration signals often converge on ubiquitous actin regulatory molecules. Thus, to assess whether mDab1 influences cell morphology, we ectopically expressed WT mDab1 in COS-7 cells, and examined changes in the actin cytoskeleton. The cells with exogenous mDab1 expression had prominent microspikes in COS-7 cells (Figure 1 ). mDab1 expression also caused formation of microspikes in HeLa cells (results not shown). Therefore mDab1 can regulate the actin cytoskeleton in non-neuronal cells.
We next examined which domain of mDab1 is necessary for microspike formation. mDab1 has a PTB domain [5] . We expressed exogenous mDab1 without the PTB domain ( PTB) and the PTB domain alone. Expression of the PTB domain of mDab1 caused microspike formation, but expression of PTB did not induce changes in actin cytoskeleton. Therefore the PTB domain is necessary for mDab1-mediated regulation of actin cytoskeleton.
Microspikes are observed when cells extend protrusive structures such as filopodia or retract their membranes (retraction fibres). To distinguish between these two possibilities, we injected the PTB domain purified from Escherichia coli into COS-7 cells and observed changes in morphology by time-lapse microscopy. The cells injected with the PTB domain of mDab1 formed filopodia (Figure 2 ), indicating that microspikes observed in the ectopic expression experiments (Figure 1 ) are filopodia.
Filopodium formation is dependent on reorganization of the actin cytoskeleton. The small GTPase Cdc42 is thought to be a key regulator in this process [29] . Cdc42 binds N-WASP, leading to a conformational change that activates N-WASP [21] . Activated N-WASP then activates the Arp2/3 complex, which induces actin polymerization for extension of filopodia [26] . WT mDab1 or mutant (PTB domain alone or PTB) mDab1 was expressed ectopically in COS-7 cells. Expression was detected with myc tag, and actin filaments were examined by phalloidin staining.
To examine whether mDab1-induced formation of filopodia is dependent on N-WASP, we co-expressed mDab1 with a dominant-negative N-WASP that contains a deletion in the verprolin homology (V) domain ( V) that inhibits Arp2/3-complex-dependent actin polymerization [26, 30] . The cells with V N-WASP and mDab1 formed fewer microspikes than cells expressing WT N-WASP and mDab1 or mDab1 alone (Figure 3 ). Therefore mDab1 appears to regulate the actin cytoskeleton through N-WASP.
We next examined the relation between mDab1 and Cdc42 by expressing the H208D (His 208 → Asp) mutant of N-WASP, which suppresses Cdc42-induced expression of filopodia [21] . Cells expressing H208D N-WASP and mDab1 formed microspikes at frequencies similar to those of cells expressing WT N-WASP and mDab1 or mDab1 alone. However, the microspikes on cells expressing H208D N-WASP were shorter than those on cells with WT N-WASP (Figure 3) . The mDab1-induced microspikes were not inhibited in the presence of dominant-negative Cdc42 Asn 17 mutant (Figure 3 ). Therefore formation of microspikes induced by mDab1 is independent of Cdc42.
These data suggest that mDab1 activates N-WASP directly. To test this hypothesis, we examined the physical interaction between N-WASP and mDab1 by immunoprecipitation. In COS-7 cells, exogenously expressed mDab1 was immunoprecipitated with endogenous N-WASP (Figure 4A ), indicating a direct interaction between N-WASP and mDab1. In lysates of E14 mouse brains, N-WASP was immunoprecipitated with mDab1, indicating that N-WASP and mDab1 interact during brain development ( Figure 4B) .
We then examined whether purified mDab1 could activate N-WASP and Arp2/3-complex-mediated actin polymerization in vitro by the pyrene-actin assay, in which an increase in fluorescence indicates actin filament formation. N-WASP alone is inactive in Arp2/3-complex-induced actin polymerization in vitro, because autoinhibition by the interaction between VCA and CRIB (Cdc42/Rac-interactive binding) region prevents the association of N-WASP with Arp2/3 complex [26] (Figure 5A ). We used the PTB domain of mDab1 in this assay, because we were unable to purify WT mDab1, and the PTB domain alone is sufficient to induce formation of microspikes in cultured cells ( Figure 2 ). As shown in Figure 5 (A), rapid actin polymerization was observed in the presence of the PTB domain of mDab1, N-WASP and the Arp2/3 complex. Lack of the PTB domain, N-WASP or Arp2/3 complex diminished the rapid actin polymerization. Because the PTB domain alone had no effect on actin polymerization with Arp2/3 complex ( Figure 5A ), the PTB domain of mDab1 activated N-WASP. Activation of N-WASP by the PTB domain was enhanced by the addition of Cdc42, indicating co-operativity of mDab1 and Cdc42 (results not shown). Activation of N-WASP is independent of the WH1 (WASP homology 1) domain and proline-rich region (the domain structure is shown in Figure 6A ), because deletion of these regions did not affect N-WASP activation by the mDab1 PTB domain. Thus the mDab1 PTB domain appears to disrupt the autoinhibition of N-WASP, possibly by interfering with the association between the CRIB and VCA domains ( Figures 5B and 5C ). These data indicate that mDab1 activates N-WASP directly.
We next confirmed a direct interaction between the mDab1 PTB domain and N-WASP, and narrowed the region of N-WASP required for association with mDab1 ( Figure 6 ). Pull-down assays revealed an association between the PTB domain of mDab1 and WT N-WASP ( Figure 6B ). As shown in Figure 6 (C), the Nterminal region of N-WASP, including the WH1 domain and CRIB motif, is required for association with the PTB domain. The VCA domain ( Figure 6C ) and proline-rich region (results not shown), were not involved in binding with the mDab1 PTB domain.
Because the N-WASP mutant lacking the WH1 domain ( WH1) was activated by the PTB domain ( Figure 5 ), the region containing the CRIB motif is thought to be the PTB region (Figure 6A) . As shown in Figure 6(D) , the region containing the CRIB motif is necessary for mDab1 binding. The PTB domain of mDab1 is known to bind the non-phosphorylated NPXY motif. [14] . There is no NPXY sequence on N-WASP, but the sequence NRFY (Asn-Arg-Phe-Tyr) was found near the CRIB motif in N-WASP ( Figure 6A ). Proline can be substituted for the arginine residue in the NPXY motif [14] . Thus the NRFY sequence in N-WASP is likely to be the binding site. When we immunoprecipitated mDab1 expressed in COS-7 cells, WT N-WASP was co-precipitated with mDab1, whereas the Y172F (Tyr 172 → Phe) mutant of N-WASP, which is a mutant of the NRFY sequence, was not co-precipitated as effectively as WT N-WASP ( Figure 6E) . The residual N-WASP in immunoprecipitates from cells expressing Y172F N-WASP and mDab1 was presumably from endogenous N-WASP. mDab1-induced microspike formation was impaired in cells expressing the Y172F mutant of N-WASP, whereas it was not in cells expressing WT N-WASP ( Figures 7A  and 7B ).
These data indicate that mDab1 associates with the NRFY sequence in the CRIB motif of N-WASP. The region around CRIB is known to be responsible for the autoinhibitory interaction of N-WASP, suggesting that the association of mDab1 with this region disrupts the intramolecular interaction directly, activating Arp2/3-complex-mediated actin polymerization. mDab1 is phosphorylated upon Reelin stimulation, presumably through Src family tyrosine kinases [8, 11, 12] . This phosphorylation could influence the cytoskeletal effect of mDab1. Therefore we co-expressed constitutively active (YF) or dominant-negative (KM) Fyn with mDab1 and examined the morphology of these cells. YF Fyn is known to phosphorylate mDab1 [5, 13] (results not shown). In COS-7 cells, expression of YF Fyn alone caused membrane ruffling instead of microspike formation (Figure 8 ). Cells expressing YF Fyn and mDab1 showed fewer microspikes in comparison with cells expressing KM Fyn and mDab1 or mDab1 alone (Figure 8 ). Therefore phosphorylation of mDab1 appears to reduce the ability to induce microspike formation.
Recently, the amounts of Fyn and Src kinase were shown to be critical for brain levels of mDab1 [11, 12] . mDab1 levels were increased significantly in Fyn or Src knockout mice, and mDab1 levels decreased when levels of Fyn or Src increased during brain development. We then examined whether mDab1 is degraded through the ubiquitin-proteasome degradation pathway when it is tyrosine-phosphorylated.
As shown in Figure 9 Recently, ubiquitination of mDab1 after phosphorylation was reported [13] , although the mechanism of ubiquitination of mDab1 is still unclear. Many tyrosine-phosphorylated proteins are known to be ubiquitinated by the proto-oncogene Cbl. Cbl is abundant in brain [31] , and contains a TKB domain that recognizes phosphorylated tyrosine residues as well as a RING finger essential for ubiquitin ligase activity [32] . We examined whether Cbl mediates ubiquitination of mDab1. Ubiquitination of mDab1 was monitored by FLAG-tagged ubiquitin. Ubiquitination of mDab1 in the presence of YF Fyn was very weak when monitored by FLAG-tagged ubiquitin; however, addition of WT Cbl and the YF mutant of Fyn dramatically increased the ubiquitination of mDab1, whereas WT Cbl and KM Fyn did not ( Figure 9B ). In contrast, addition of a TKB domain mutant (GE mutant) or RING finger domain mutant (CA mutant) of Cbl and YF Fyn did not increase ubiquitination of mDab1 as effectively as WT Cbl. Thus Cbl appears to be a ubiquitin ligase responsible for ubiquitination of mDab1.
Because filopodia/microspike formation is essential for cell migration, phosphorylation of mDab1 leading to ubiquitinationtriggered degradation and loss of microspike formation could reflect the mechanism underlying abnormal cell migration during brain development in reeler mice ( Figure 9C ).
